One contribution of 24 to a discussion meeting issue 'The challenges of hydrogen and metals'.
In recent years, new-found interest in the hydrogen economy from both industry and academia has helped to shed light on its potential. Hydrogen can enable an energy revolution by providing much needed flexibility in renewable energy systems. As a clean energy carrier, hydrogen offers a range of benefits for simultaneously decarbonizing the transport, residential, commercial and industrial sectors. Hydrogen is shown here to have synergies with other low-carbon alternatives, and can enable a more cost-effective transition to de-carbonized and cleaner energy systems. This paper presents the opportunities for the use of hydrogen in key sectors of the economy and identifies the benefits and challenges within the hydrogen supply chain for power-to-gas, power-to-power and gas-to-gas supply pathways. While industry players have already started the market introduction of hydrogen fuel cell systems, including fuel cell electric vehicles and micro-combined heat and power devices, the use of hydrogen at grid scale requires the challenges of clean hydrogen production, bulk storage and distribution to be resolved. Ultimately, greater government support, in partnership with industry and academia, is still needed to realize hydrogen's potential across all economic sectors.
This article is part of the themed issue 'The challenges of hydrogen and metals'.
Introduction
For the first time in history, governments worldwide are making a concerted and coordinated effort to decarbonize their economies to curb the effects of climate change. By December 2016, 116 of the 196 parties had ratified the COP21 Paris agreement and pledged to take action to keep global warming below 2°C [1] . To meet this reduction target, global annual greenhouse gas emissions will need to be reduced by 85% by 2050 [2] . This reduction target is ambitious and will require nothing emissions [28] . In 2012, road transport accounted for 75% of all transport emissions [27] , thus this segment of transport is increasingly subjected to emissions regulations. Furthermore, fossil-fuel vehicles are responsible for a significant amount of air pollution in many of the world's mega cities, which is estimated to have caused 6.5 million premature deaths in 2012 [28] . Hydrogen produces no air pollution and has zero carbon impact at the point of use. While carbon-free driving can be achieved when hydrogen is produced from renewable sources, with natural gasderived hydrogen fuel cell electric vehicles (FCEVs) still offer 30% CO 2 savings when compared with diesel and petrol vehicles [29, 30] . The roll out of hydrogen-fuelled FCEVs has already begun, with Toyota, Honda and Hyundai releasing vehicles into the market with an initial commitment to produce vehicles in the low thousands per year (Toyota's Mira released in 2015, Hyundai's Tuscan FCEV released in 2016 and Honda's Clarity Fuel Cell to be released in December 2016). Other manufacturers (Daimler, BMW and GM) have announced plans to introduce FCEVs to the market by 2018. However, the numbers of FCEVs are still relatively low. The lack of a hydrogen refuelling infrastructure had been a major barrier to the development of FCEVs. With the building of more of these refuelling stations, it is expected that more FCEVs will finally be on the roads. Public-private initiatives such as the EU's e38 m HyFIVE programme [31] , which aims to deploy 185 FCEVs with support from five global original equipment manufacturers (OEMs), is an encouraging step towards the commercialization of FCEVs.
However, vehicle costs are still rather high. Toyota's Mirai (312 mile range) was launched in the UK in 2016 at a price of £66 000 (and US$58 500 in the USA in 2015) with the main costs being attributed to the fuel cell powertrain and the hydrogen storage system. These costs are currently higher than both standard internal combustion engine vehicles (ICEVs) and the most advanced plug-in electric vehicles (PEVs) of a similar size. In the case of PEVs, Tesla announced the Tesla model-3 vehicle, which has a driving range of 215 miles, to be in series production in 2017 for a price of US$35 000 for the cheapest option [32] . However, FCEVs are predicted to become affordable at scale, and cost competitive with ICEVs with an annual production of 0.5-1 million FCEVs [33] [34] [35] [36] . In fact, after 2025, a McKinsey & Co. analysis [34] predicts that the total cost of ownership converges for all types of vehicles (FCEV, PEVs and ICEVs) as costs of these vehicles benefit from learning and economies of scale. Another study [37] goes even further to show that if the carbon price is high, then the FCEVs become progressively cheaper than the conventional ICEVs.
While there is clearly much uncertainty regarding how the competition between the types of vehicles will evolve with customers, it is likely that multiple low-carbon options will exist in the market with PEVs used as smaller vehicles for urban driving and FCEVs used as larger vehicles for long-distance driving and fast refuelling. See Gröger et al. [38] for a comparative technical and cost analysis, as well as initial reports on customer preferences. The use of fuel cells in larger vehicles is already being demonstrated by the growing number of programmes deploying fuel cell electric buses (FCEBs) for clean public transport [39] in several pioneering cities around the world. An extensive analysis of the potential of fuel cells in Europe can be found in [39] . The CHIC project, the EU's roll-out strategy for buses aims to add to the fleet of 60 FCEBs running in Europe towards the end of 2016 [26, 40] . In Asia, plans for much larger fleets of FCEBs are being announced. In Japan, market deployment of FCEBs has begun, with Toyota announcing 100 FCEBs on the road by the 2020 Tokyo Olympics. In South Korea, the government announced its intent to replace 26 000 compressed natural gas public transport vehicles with FCEBs [26] . The Chinese government announced plans to have 300 FCEBs in two cities and it is anticipated many more will follow [26] .
Technical improvements will speed up market penetration of FCEVs; in particular, reducing the amount of platinum used in each vehicle (currently ≈20-40 gPt/FCEV) [38] will drive down costs. An extensive analysis of the key technical challenges, recent improvements and targets for hydrogen proton exchange membrane (PEM) fuel cells in vehicle applications can be found in [36, 41] .
Above all, significant infrastructure investments will be required over the next decades to drive the uptake of fuel cell vehicles and to transition the technology to a sustainable market phase [42] . Several public-private partnership projects have been launched to build up the networks of [43] ) and Japan [13] . At the start of 2016, there were only 214 refuelling stations, with approximately 100 announced to be built (35 in the USA and 64 in Europe) [44] . The H2ME2, a e100 million pan-European demonstration project co-funded by OEMs and the FCH Joint Undertaking [43] , plans to add 20 hydrogen refuelling stations to the European hydrogen network, with 1230 commercial FCEVs put on the road. Japan recently announced the target of building of 320 stations by 2025, with 800 000 FCEVs to be put on the road by 2030 [13] . Within Europe, Germany has 34, the largest number of hydrogen refuelling stations, followed by the UK with 14 refuelling points [44] . In Germany, H2 MOBILITY Deutschland GmbH (a limited partnership between Air Liquide, Daimler, Linde, OMV, Shell, and Total) plans to construct and operate up to 400 hydrogen refuelling stations in Germany by 2023 [45] . In California, USA, 51 hydrogen refuelling stations currently exist (2016); this is projected to go up to around 90 by 2021, with 30 000 FCEVs projected to be on the roads by the same time [46] .
According to a study by McKinsey & Co. [34] , a hydrogen supply infrastructure for around 1 million FCEVs requires an investment of e3 billion (production, distribution, retail), of which e1 billion relates to retail infrastructure. This study shows that the capital investment needed for FCEVs is comparable to that needed for a PEV charging infrastructure, which ranges from e1500 to e2500 per vehicle [34] . This report points out that, while it is initially easier to build a PEV charging infrastructure, at some point the infrastructure cost for FCEVs drops below those for PEVs as the number of charging stations becomes commensurate with the number of cars, due to the lengthy recharging time and because investment costs for hydrogen stations decrease with increasing size of these stations. This should then drive fuel costs down to US$8/kWh or less to enable competition of FCEVs with ICEVs [36] .
Hydrogen similarly holds promise in other transport applications, including marine and rail. Marine applications range in size from small outboard motors (e.g. a hydrogen fuel cell-operated boat in Bristol, UK [47] , and a hydrogen combustion engine catamaran on the Isle of Wight [48] , UK) to passenger and car ferries, such as the HySeas project in Scotland, UK [49] . In the rail sector, given the high cost of rail electrification, companies are developing the first prototype trains powered by hydrogen fuel cells for urban rail [50] . The German rail company Alstom recently unveiled its 'iLint' passenger train, which operates on PEM fuel cells [51] . In China, the first commercial fuel cell tram line is expected to start its service in late 2017 in the city of Foshan [26] . Shunt locomotives have been demonstrated in India and the USA [26] . In both marine and rail industries, most vehicles are still in the proof-of-concept stage. Real-world applications of these vehicles will be required to assess their potential for success.
(b) Residential and commercial sectors: using hydrogen for heat in buildings Energy use in the residential and commercial sectors is characterized by energy consumed by households and the services sector (such as businesses, institutions and organizations), respectively [52] . Energy use in both of these sectors is predominantly for heating, cooling, lighting and water heating and for other appliances and equipment [52] . The residential sector accounts for about 40% of global energy used in buildings and industry [53] . This section presents the case being made for using hydrogen to decarbonize heat through the use of boilers or micro-combined heat and power (micro-CHP) systems.
Heat generation accounts for more than half of global-energy consumption and a third of global energy-related CO 2 emissions [54] . In the UK, heat consumption currently accounts for 78% of total energy consumption and as much as 85% of domestic energy consumption when excluding transport [55] . Although decarbonizing heat has historically elicited far less attention than decarbonizing power, there is now a widespread acknowledgement of the need to replace current hydrocarbon fuels used for heat generation, mainly natural gas, with lowcarbon alternatives if we are to meet climate change mitigation targets by 2050 [56] . Decarbonizing heat in buildings and industry is challenging. The approach to decarbonize heat has been the electrification of heat through the use of a range of technologies, including air or ground-source heat pumps, along with district heating (using low-carbon fuels), solar heating and biomass [53, 57, 58] . However, as the demand for heat is high and varies throughout the year for countries closer to the poles, these technology options, with high capital expenditure and no alternative function in periods of low heat demand, are costly. Furthermore, they tend to require behavioural or technological change. On the other hand, converting the gas network to hydrogen could provide low-carbon heating that could be less disruptive for consumers and potentially cheaper than current alternatives [17, 18] .
The use of hydrogen for heat was largely excluded or marginalized in heat assessment or policy documents until the publication of a white paper, commissioned by the H2FC SUPERGEN Hub (UK) in 2014 [53, 59] , on the role of hydrogen and fuel cells in decarbonizing heat. This white paper showed that both hydrogen and fuel cells could have a credible role in heat provision in the future. It concludes that existing gas networks could be converted to deliver hydrogen instead of natural gas, with heat produced using hydrogen boilers or micro-CHP fuel cells. More recently projects have been commissioned in the UK to further investigate the potential of using hydrogen for heating, including an engineering appraisal of converting the natural gas grid to supply hydrogen in Leeds, the third biggest city in UK. This study, known as the H21 Leeds City Gate report [17] , concludes that conversion of the gas grid to hydrogen is technically feasible and economically viable. The study shows that the conversion can be done on a regional level over the summer period with low-cost changes to appliances. While there is a precedent for such a transition programme in the UK, with the conversion of town gas (a mixture of 50% hydrogen with methane (CH 4 ) and carbon monoxide) to natural gas in the 1960s and 1970s, today's gas network is far more complex and requires the collaboration of government, different gas providers, local authorities and customers. In fact, customer acceptance of a new heating technology is very important and could be a significant barrier when changes are required. Natural gas is widely used in many developed (Organisation for Economic Co-operation and Development) countries. For example, in the UK and the Netherlands gas boilers are used in 80% of houses [35] , and studies in the UK show a strong customer preference for using gas boilers, which are perceived as safer, cheaper, more effective and easy to control than their alternatives [60, 61] . Furthermore, the equipment that already exists could be converted from using natural gas to using hydrogen, enabling a user experience similar to that provided by natural gas, and without the need for disruptive refurbishment of home heating infrastructures or expensive reinforcement of the electricity network [17, 18] .
Subsequent reports support the assertion that replacing CH 4 with hydrogen in the grid in areas with an established gas infrastructure could potentially be more practical and economically viable than alternative options for decarbonizing heat [18, 62] . Nonetheless, the success of such a transition depends on the availability of low-carbon hydrogen produced at affordable costs and at rates that meet the energy demand. The H21 Leeds City Gate study [24] , which reports carbon emission reductions of 59%, provides an analysis of carbon savings and the financial costs on the basis of hydrogen production through steam methane reforming (SMR) with carbon capture and sequestration (CSS) and salt cavern storage of hydrogen. Salt caverns are available in the UK but CCS needs to be fully demonstrated. There are currently 21 large-scale CCS projects in operation or under construction globally, with a combined CO 2 capture capacity of 40 million tonnes per annum [63] . A growing number of academic and industry reports are concluding that CCS technologies are needed to limit CO 2 emissions and to limit global temperature rises to 2°C. While the cost of the technology is seen as a major barrier for policymakers, recent reports by the Parliamentary Advisory Group on CCS [64] and the Sustainable Gas Institute [65] in the UK show that, over time, the cost of emitting CO 2 becomes far higher than the costs associated with CCS. For further information on the current status of CCS globally, see [63] . It should be noted that, in the long run, other options such as solar techniques or electrolysis, as discussed in §3a, may become more viable than SMR with CCS for producing low-carbon hydrogen.
There are other technical and operational challenges that will need to be addressed in converting the gas grid to supply hydrogen, due to the different properties of hydrogen and natural gas. Hydrogen has a lower volumetric energy density than natural gas, which will result in about 20% lower energy-carrying capacity for hydrogen in a pipeline of the same pipe diameter and pressure drop [53] . While the existing high-pressure gas pipelines (used for transmission) are unlikely to be suitable for carrying hydrogen, most of the investment in the gas grid is in the lower pressure pipelines, the intermediate and local distribution networks, and not the transmission systems [53] . These lower pressure pipelines, particularly those constructed of polyethylene, are considered to be suitable for carrying hydrogen [35] . The transport and distribution of hydrogen is discussed further in §4.
While hydrogen can be used in direct flame combustion boilers, catalytic boilers and gaspowered heat pumps for heating, the most efficient way of using it is in fuel cell micro-CHP systems [66] . Micro-CHP systems are energy conversion devices used to provide heat and electricity simultaneously with combined efficiencies of up to 85-90%. Micro-CHP systems, which gained attention after the first global oil crises in 1973, are mostly used in residential, commercial and industrial buildings. Most of these systems run on natural gas or liquid petroleum gas, but these can be redesigned to use hydrogen in a fuel cell [67] . Fuel cell micro-CHP offers the highest electrical efficiency of any CHP technology, more than 50% to AC power for some variants, as efficient as many conventional thermal power stations [53] while also enabling local use of waste heat without the need for heat networks. The uptake of these systems has been highest in the AsiaPacific region, due to progressive government subsidies and policies, coupled with consumer interest. In Japan, through a public-private partnership programme (Ene-Farm), around 180 000 residential fuel cell micro-CHP units were sold from 2012 to September 2016, with 50 000 sold in 2016 [26] . Studies show significant carbon savings can be achieved using fuel cell micro-CHP systems: about a 30% reduction according to one study [68] . However, costs need to come down further: the same study [68] predicts that a production rate of 100 000 micro-CHP units per annum per manufacturer is needed for this technology to reach cost parity with conventional gas boilers in Europe. The possibility of using different fuels with micro-CHP systems makes the case for adopting these technologies stronger; natural gas can be used more efficiently in the short term, with bio-based gases in the medium term, and then hydrogen from a future pipeline network, as proposed by the UK HFC Roadmap [16] .
Further analysis in different regions, coupled with technology demonstrations, is needed to better understand the broader implications of hydrogen conversion in the residential and commercial sectors. If realized, such a transition would create a pathway to establishing a hydrogen economy. The availability of low-carbon hydrogen in the gas grid not only will enable decarbonization of heat but also will create a synergy in decarbonizing transport, commercial buildings and industry.
(c) Use of hydrogen in industry
The energy consumed by industry is at least one-quarter of the global-energy consumption and more than half of the total primary energy produced when including energy industry losses and self-use [69] . Today, most of the demand generated for hydrogen, of the 60 million tonnes produced worldwide annually (enough to fuel more than 600 million FCEVs [70] ), is for industrial applications [15] . Most of the hydrogen (53%) is used for ammonia production (mainly used for nitrogen fertilizers), followed by the oil industry and methanol synthesis (40%); the remainder (7%) is used in the production of polymers and resins [70, 71] . These industries can use cheap and relatively impure hydrogen, derived mostly from reforming of fossil fuels [29] . In the EU, more than 60% of hydrogen is produced and used on industrial sites, one-third is generated from by-product sources, and less than 10% is supplied by merchants [15] .
The oil industry uses hydrogen for refining crude oil via hydrocracking and hydrotreating, and to eliminate sulfur from diesel and petrol transportation fuels to meet fuel quality directives. Hydrogen production for use in today's refineries accounts for about 5-20% of total refinery emissions [72] . With the decline in light and sweet crude oils and the increasing use of superheavy crude oils and heavy oil from tar sands, combined with the growth in demand for high-quality, low-sulfur fuels, the demand for hydrogen is growing [15] . Most of the hydrogen used today in the oil refining industry is produced using natural gas steam reformation, which releases CO 2 into the atmosphere if not captured. While hydrogen is mostly used as a feedstock in these industries, it can also be used for heat and power generation in the most energy-intensive industries (e.g. steel, chemicals). With such levels of use in high-carbon-intensity industries, decarbonizing hydrogen production can significantly reduce the carbon footprint of fuels and manufactured products.
Hydrogen pathways in renewable energy integrated systems
Intermittent power generation from renewable energy technologies requires storage technologies that can provide storage capacity to balance supply and demand, with frequency control and other benefits such as curtailment minimization, demand-side management, contingency grid support, etc. [73] . Studies show the economic benefits of implementing storage to manage high levels of renewable electricity generation (e.g. in the UK £10bn yr −1 saving can potentially be realized with storage technologies in a 2050 high renewable energy scenario) [74] . In fact, the cost of wind power curtailment is increasing as their penetration increases; in 2014 Germany spent e82 m on electricity curtailment from wind power, and this cost is reported to be doubling every year [75] . Besides hydrogen, several different technologies are being investigated for grid-scale electricity storage including lithium ion batteries, redox flow batteries, compressed air energy storage, supercapacitors, thermal energy storage and flywheels. See the UK white paper [76] on grid-scale energy storage for more information on these technologies.
Hydrogen offers several advantages over other grid-scale storage options. Firstly, the use of hydrogen in the power or gas grid offers the opportunity to decarbonize all economic sectors. Secondly, hydrogen can store larger amounts of energy per unit volume than other largescale energy storage options being considered: it has over 200 times the volumetric energy storage density of pumped hydro storage and 50 times that of compressed air [76] ; see figure 1 for a comparison of storage densities against discharge time [77] . Thirdly, hydrogen can be used for both intra-day and inter-seasonal storage, enabling a greater degree of flexibility with day/night and seasonal variations. Different supply pathways exist for the production, storage, and transport and distribution (T&D) of hydrogen to the different end-use applications. The main supply pathways are discussed below as power-to-gas, power-to-power and gas-to-gas and illustrated in figure 2.
-Power-to-gas (P2G): Electricity is used to generate hydrogen via electrolysis. The hydrogen generated by this process is then either injected into the gas distribution grid (mixed with natural gas or used on its own) or transformed to synthetic CH 4 in a subsequent methanation step. The methanation step combines hydrogen with captured CO 2 in a methanation reactor (either thermochemical or biological) [5] . The hydrogen gas produced can be stored in both natural gas pipelines and storage sites. This option is gaining growing interest, especially because it can be combined with biogas plants being used for synthetic CH 4 production, which enables direct use of the CO 2 from the biogas for conversion into CH 4 with hydrogen from water electrolysis [78] . This combination, with CCS added, is also interesting for the concept of negative CO 2 emissions [79] . A systems analysis of P2G can be found in [5] and [80] , with the short-term and long-term business opportunities analysis provided in [81] . -Power-to-power (P2P): Electricity is used to generate hydrogen via electrolysis. The hydrogen generated by this process is then stored in a pressurized tank (for smallscale applications) or an underground cavern (for grid-scale applications) or re-electrified when needed using a fuel cell (kW to MW scale) or a hydrogen gas turbine (multi-MW scale). The hydrogen produced in this case can also be used as a fuel for FCEVs in the transport sector, which is referred to as power-to-fuel in figure 3. -Gas-to-gas (G2G): SMR is an established process for producing hydrogen from natural gas, and approximately 95% of hydrogen produced worldwide is produced through SMR technology. To lower the carbon footprint, CCS technology is needed to capture the CO 2 released as the by-product. This is the pathway considered by the H21 Leeds City Gate study for decarbonizing heat in the UK [17] .
The optimum hydrogen pathway depends on the trade-off between several factors, including system costs, efficiency, decarbonization impact and the practical feasibility (e.g. public acceptance) of changing the existing energy system in a given area to incorporate these new technologies. Some options may be more desirable on the basis of lower initial capital expenditure, even if it may not be the most optimal in terms of carbon savings. For example, blending hydrogen with CH 4 has a limited benefit for decarbonization (80% hydrogen in the gas mixture by volume reduces CO 2 emissions by 50%) [62] , but requires less change and provides the opportunity to off-load surplus hydrogen produced from excess renewable power, rather than The step conversion efficiencies for the hydrogen supply pathways being considered. Power-to-power and power-togas data from [15] and gas-to-gas data from a UKTM model (SMR+CCS efficiency of 75%, transport and distribution (T&D) loss of 5% (distribution only), residential boiler efficiency 84% and residential micro-CHP fuel cell efficiency 88%). (Online version in colour.)
curtail it. However, the amount that can be blended depends on national gas standards, which vary between 0.5% and 25% by volume, with blends in excess of 20% hydrogen requiring end-user appliances to be converted [62] because of the effects of hydrogen on the Wobbe index [82] . An analysis of the total energy efficiency over the whole energy conversion chain is a good starting point for comparing the different pathways. Owing to the number of transformation steps the final efficiencies are rather low for P2P and P2G, in the range 20-30%, but in the case of G2G the final efficiency can be as high as 60% ( figure 3) .
According to the European Power to Gas Platform, there are approximately 40 P2G demonstration projects in Europe [83] . Germany is currently leading the way in terms of demonstrating the P2G and P2P concept at grid scale: 20 plants were reported to be in operation with 10 facilities being planned or under construction in August 2015 with a power range of 100 kW el to 6 MW el [84] . During the charging phase, the power of the system is determined by the size of the electrolyser and the energy stored is determined by the size and pressure of the hydrogen store. When using the hydrogen, the power and energy produced depends on the system being used to generate the power, with the approximate system efficiencies shown in figure 3 . All hydrogen pathways are conditional on having low-carbon hydrogen production (e.g. electrolysis, CCS) facilities and the expansion of intra-day and/or seasonal storage facilities and networks, both topics that are explored in the next two sections.
(a) Hydrogen production at grid scale One of the major challenges in enabling the hydrogen economy is the scaling up of hydrogen production. A strategic approach requires hydrogen to be produced from a large range of feedstocks using power from many indigenous energy sources-providing the opportunity for countries to become energy independent.
The main hydrogen production options available can be categorized into three main processes: (i) thermochemical, based on the reforming of natural gas, ethanol, biomass or heavy fuel oil, (ii) electrolytic and (iii) photolytic. These processes are at different stages of development, each with benefits and challenges as outlined in [85] . Today, the most advanced and scalable of these options is SMR (producing 95% of hydrogen used worldwide), followed by electrolysis (producing 4% of hydrogen used worldwide). Hence, these are the two main production routes considered in the supply pathways discussed above. While SMR is currently the cheapest route of production, the use of CCS technology is required to deliver low-carbon hydrogen from this route, which will increase the cost. For use in fuel cells (e.g. in FCEVs), the hydrogen produced through the SMR process needs to go through a purification step to obtain the high-purity hydrogen (more than 99.999%) needed to maintain the integrity of the fuel cell catalyst, adding to costs. For heat applications, if boilers are used, as considered by the H21 Leeds City Gate study [17] , the hydrogen does not have to be high purity, but it may need to be if fuel cell micro-CHP systems are used, depending on the fuel cell type. SMR is considered to be the most viable in the near term (even without CCS) [85] , and as an early market it can help build the hydrogen gas infrastructure needed.
Electrolysis requires high-purity water. Therefore, the water is first treated to remove the minerals and ions prior to the electrolysis process. However, the hydrogen produced is of high purity and can directly be used in fuel cells. When the electricity used is from renewables this process is completely clean (i.e. has no carbon emissions linked to the production step). Otherwise, the carbon footprint depends on the source of electricity. In the short term, this process can be used on site to make hydrogen at refuelling stations, using the existing water and electricity infrastructure. In the long term, renewable electricity will need to be used for the process at central or semi-central facilities. These facilities could potentially receive cost breaks from utilities by using 'off-peak' power to make it more economical, and/or also providing grid services such as frequency regulation.
Three main types of electrolyser exist. Alkaline water electrolysers, which have been commercially available for many years; PEM electrolysers, which are becoming commercially established; and solid oxide electrolysers, which are under development [76] . PEM electrolysers, which have instant power cycling capability and a low operational temperature range (80-100°C), are particularly suitable for use with renewables that have varying loads. While over 500 industrial systems exist worldwide (50 kW-4 MW range) [86] , grid-scale demonstrations are needed. In 2013, the first grid-scale demonstration systems were connected to electricity networks, with the resulting hydrogen being injected into the local gas grid [87] . Today, producing a unit of hydrogen from water requires four times more energy than from hydrocarbons [88] , even by 2025 US Department of Energy [89] estimates a future cost of $4.2 kg −1 . Thus, capital cost reduction (e.g. with simplified designs, cheaper and more durable materials) as well as efficiency improvements are required to create a business case for using electrolysis in the grid. Electrolyser affordability, while dependent on system efficiency [90] , will improve with increasing use of lowcost electricity, reinforced by income from the provision of balancing services to the electricity system [53] . For Europe, under a long-term decarbonization scenario with emission reduction targets of 80% below the 1990 levels in 2050, a study using the JRC-EU-TIMES model [91] shows electrolysers become the most important form of absorbing excess electricity in 2050. In this scenario, hydrogen obtained through electrolysis alone (using excess electricity from renewables) could constitute about 40% of the electricity stored.
The US Department of Energy anticipates that, while in the short term SMR will continue to be used, in the mid-term hydrogen will be produced from wind-powered electrolysis and biomass gasification, and in the long term high-temperature electrolysis and production routes based on solar energy will be used [92] (as illustrated in figure 4 ). High-temperature electrolysis of water/steam may provide a cost-effective production of clean hydrogen, using solid oxide electrolysers. While this process will require a third less electricity than low-temperature electrolysis [85] due to higher electrical efficiencies, and is predicted to enable costs comparable to hydrogen production from fossil fuels [93] , solid oxide electrolyser performance and lifetime improvements are needed.
Other hydrogen production options to be developed for use in the long term include photoelectrochemical (PEC) processes (which use light energy to split water into hydrogen and oxygen) and biological processes (e.g. metabolic processes using microorganisms such as microalgae, cyanobacteria, etc.). These technologies are currently at a relatively early stage of development. Hydrogen production from biomass, if scaled and coupled with CCS, can enable a net removal of CO 2 from the atmosphere using biomass hydrogen production pathways coupled with CCS, as supported by system-level analysis using the JRC-EU-TIMES model [91] . For a more comprehensive overview of the different hydrogen production technologies, see [85] and [94] ; and for updates on system applications, see [95] and [96] .
(b) Hydrogen storage at grid scale
Underground geological formations such as salt caverns, aquifers and depleted natural gas or oil reservoirs are considered as the most viable options for bulk hydrogen storage [97] . Hydrogen is already stored in salt caverns in the UK [17, 98] and the USA [99] [100] [101] and similar hydrogen storage projects are underway across Europe [102] . Salt caverns typically have lower gas capacities but enable higher delivery rates (power throughput) and thus can be used for balancing diurnal variations in energy supply from renewables. Depleted oil reservoirs have high capacity but lower power (and response times) and thus are considered more suitable for seasonal storage.
Currently, salt caverns appear to be the most likely method of storing gaseous hydrogen for energy buffering, with hydrogen loss reported to be as little as 1% and no contamination issues [99, 103, 104] . A typical large salt cavern field with a volume of 8 × 10 6 m 3 would provide a hydrogen energy storage capacity of 1.3 TWh per field [102] with storage pressures up to 120 bar. In the UK, over 30 large salt caverns (currently used for storing natural gas) are reported to exist [98] as well as many salt bed resources, which could provide tens of GWe storage capacity to the grid. Many depleted oil wells in the North Sea could add to this capacity [17] .
For depleted oil and gas wells, initial studies give different results about their viability, highlighting the site-specific nature of geological storage. For example, Lord et al. [99] and Stone et al. [103] suggest that depleted oil and gas reservoirs and aquifers could both leak hydrogen and significantly contaminate hydrogen with impurities (thereby necessitating purification for PEM fuel cell applications). Nonetheless, Amid et al. [97] report that the losses could be reduced to less than 0.1%. Furthermore, Amid et al. [97] suggest that no insurmountable technical barriers appear to exist for hydrogen storage in a depleted gas reservoir for seasonal hydrogen storage. More assessments and pilot studies are needed to determine both the economic and practical viability of different options and each reservoir will need to be assessed on a case-by-case basis. Initial studies assessing the economic and performance characteristics of different hydrogen storage options show notable variations in the cost for a given option by region. A comparative analysis of grid-scale energy storage options in Europe, which looks at availability, performance and economics, etc., can be found in [102] , and a more comprehensive economic analysis between large-scale hydrogen storage options, and alternatives, can be found in [101] . In summary, salt cavern stores are considered as a mature option today. Further analysis and pilot studies are needed to demonstrate that the other potential large-scale storage options, such as depleted oil/gas fields, rock caverns and aquifers, could be practically and economically viable.
Hydrogen transport and distribution
Hydrogen T&D infrastructure consists of pipelines connecting hydrogen production and storage points to end-use points. Because hydrogen can embrittle steel, and much of the existing highpressure distribution and transmission pipelines are made of high-strength steel, the pipelines will need to be changed if hydrogen is to be transported through the natural gas pipeline network. That said, the feasibility of gas network conversion should be assessed on the basis of infrastructural changes (e.g. upgrades) that will be needed without the conversion to hydrogen. For example, in the UK, low-pressure pipelines require upgrades to reduce CH 4 leakage on both safety and environmental grounds, and these are being converted to polyethylene pipes through what is known as the Iron Mains Replacement Programme. Polyethylene pipes are suitable for transporting hydrogen at low pressures [35] . Further work is needed to assess the suitability and, if need be, the conversion costs of all other system components such as seals between pipes, pressure reduction stations and the end-use components. Such a transition to G2G pathways will take time, and decisions will need to be made in the near term if the governments are to meet the 2050 CO 2 reduction target by 2050, and to benefit financially in the long term.
Without infrastructure changes, the P2G model is inclined towards methanation or blending of small amounts of hydrogen. The blending of hydrogen with natural gas could be a transition step towards the conversion of the gas grid to exclusively transport hydrogen. At present, the main uncertainty in this supply pathway is with the amount of hydrogen that can be blended safely. The amount depends on the characteristics of the natural gas used as well as the design of existing appliances [105] , and therefore will vary by region. An EU study (NaturalHy) [106] concludes that 30% hydrogen can be added without an adverse increase in risk to the public; another study suggests the safety limit as 20% in the Netherlands, although the standards set the limit as 12% [105] ; in Germany, the set limit is 5%, with potential to increase to 20%; in the UK, one study [35] suggests that early levels of hydrogen should be limited to 2-3% within the UK natural gas pipeline. In the US State of Hawaii, the gas grid is already delivering a mix of natural gas with 10% hydrogen. As for the end-use appliances, NaturalHy study reports that with modifications to the appliances and favourable conditions of natural gas quality they can safely operate with up to 20% hydrogen in natural gas [106] .
For further information on the conversion of the transmission pipelines for P2G or G2G, see [17, 82, 105, 106] and for alternative hydrogen delivery pathways, see [107] .
Conclusion
The increased production and use of hydrogen can support climate change and energy security goals within future low-carbon energy systems. The opportunities enabled by hydrogen are more easily captured if all economic sectors are considered and developed together. In transport, OEMs have already introduced hydrogen FCEVs into the market, and a refuelling infrastructure is being built through public-private partnerships with an increasing number of refuelling stations in Europe, Japan and the USA. FCEVs have the advantage of greater range and shorter refuelling time over battery electric vehicles.
With respect to transit solutions, FCEBs have been operating in several European cities and new programmes have been announced to increase their numbers in Europe. Plans for much larger fleets of FCEBs in Japan (over 100) and South Korea (tens of thousands) and China (thousands) have been unveiled. The rail and marine industry is coming forward with demonstration projects with hydrogen fuel cell trams, trains and boats.
Hydrogen offers an important opportunity to decarbonize heat, which is probably the most difficult challenge across the energy landscape. Initial studies show hydrogen to be a leading contender in terms of minimizing costs and disturbances to the customer when decarbonizing heat. However, government targets and policy measures will be required to produce hydrogen at scale with a low-carbon footprint, as higher carbon hydrogen is currently the incumbent technology in terms of cost and scale.
At the energy system level, hydrogen can enable greater penetration of renewables into the grid while carrying energy to all sectors without the need to build costly additional grid capacity. For hydrogen to be used within the gas network, geological (or other large scale) storage options need to be appraised for each region, as well as the suitability of gas pipelines to transmit hydrogen. Such appraisals would yield the most cost-effective pathways for hydrogen and the infrastructure changes needed. A coordinated and sustained effort is needed to drive such a massive transition across the energy landscape. All stakeholders have to ensure that the investment decisions made today do not saddle the energy system with technologies that are sub-optimal in the future. The synergies enabled by hydrogen with other low-carbon alternatives could potentially reduce costs in the long run. It is for these reasons that hydrogen deserves greater attention from governments, industry and academia to jointly assess its place within the future energy system, and to continue to take the steps necessary to demonstrate its benefits to the system as a whole.
